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It has been found that it 1s necessary to impose a flux limit on the
thermal electron transport in diffusion calculations of laslcr-produced
plasmas to explain the ot)served partition of energy into faut and slow
ions and x-raysl-3. The effect of such a limit 1s to retain the depos-
ited energy in the corona of the target. This containment increaacs the
energy less to fast ions, reduces the x-ray anlssion, and reduces the
hydrodynamic efficiency. Although calculations for plasmas proouced by
lasers having wavelengths of I w or shorter agree with experiment when
a flux limit which is 1/30 times the classical flux limit 1s applied to
the electron thermal flux2$ I will show that such a flux limit cannot
explain the results obtained for 10 Urn lasers4. In this caso it will be
shown necessary to invoke a flux limit on the ‘hot” or :suprathermal
electrons.

First it will be shown that the thermal flux limit is more important for
short-wavelength lasers than for long-wavelength lasers. Consider the
sltuatlon where thermal conduction 1s unimportant for local energy bal-
ance in the plasma and where the local temperature is determined by the
speclflc hot electron energy deposition. The olasma temperature, Tc,
depends on the energy per unit mass as:

Tc = a (E/tp)a~ (1)

where E is the dsposit~d energy per unit area, the material dens~ty 1s
p, the deposition length 1s t, and ,a, 1s a constant. TIIW depor.itlon
length is asswed to be the range of an electron having afil energy equal
to the hot electron temperature, Th. The exponent,

i!
~ can be derived

from the equation of state of the material of !nterent . Var conditions
usually encounter in laser-produced plawna experiments for polyethyl-
ene, for exampleP a = 3/4. For the purposes of this paper, the monatom-
lC ideal gas approximation of a = I will be used. The temperature grad-
ient can then be approximated ast

* Work performed under the auspices of the U. S. Department of tnergy—
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W= Tc/R-E/(!? P). (2)

The dependence of the thermal conductivity, K, on temperature is, from
Spitzer7:

K - Tc5/2m (3)

The thermal flux, Q, can be written as:

Q=KVT - E7/2/( @/2 ~7/2)@ (4)

The temperature dependence of the free-streaming thermal electron flux,
F, can be expressed asl:

F ‘Tc3/2 - E3/2/(Lp )3/20 (5)

The deposition mass, pi, for hot electrons can be written as8:

pi = Kr Th3/29 (6)

where Kr is a constant. The hot electron temperature, Th, can be
expressed as9:

Th = u(E ~2)1/3. (7)

The ratio of the thermal diffusion flux to the free-streaming flux in a
region heated by hot electrons is:

K~/F ‘E1/2 P/A3. (8)

Thust it is seen that the increase of the hot electron temperature with
laser wavelength reduces the diffusion flux relatlvc to the free-
streamlng flux. One would expect, then, that a thermal flux limit will
have a smaller effect at long wavelengths than at short wavelengths. It
has been shown by computer simulation that for certain problems setting
the diffusion flux to zero has little effect for plasmas heated by a C02
laserlo.

If one performs a similar calculation for a plasma heated inverse Brems-
strahlung absorption, a different result 18 found. Following Spitzer
the inverse Bremsstrahlung absorption coefficient, Kv, can be written
as:

Kv = !/l- P2/(Tl/2 d). (9)

Here, t is the scale length established by the absorption process. The
thermal diffusion flux can be approximated as in Equation (2) to obtain;
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Q/F * E. (W)

Therefore, one would expect that a flux .imit used to simulate t;~e re-
sults of short-wavelength experiments may depend on the deposited e:~ergy
but not on tt,e wavelength. This appears to be the case3. Because the
heat flow tends to reduce the temperature gradient, the dependence of
the flux limit on energy may be weaker than the linear dependence shown
in Equation (8).

One can make some general comments about the effects implied by Equa-
tions (6) and (8). When the heating of the plasma Is caused by hot
electron depo:~ition, the effect of imposing a flux limit on the thermal
electron flux will become less important as one increases the laser
wavelength. If’ the absorption is the result of inverse Bremsstrahlung
absorption, the effect of a given flux limit should be independent of
wavelength. Therefore, it it is necessary to confine the plasma energy
to the corona of a plasma produced by a long-wavelength laser, one nust
impose a flux ,limit on the hot electrons. It is known, however, that
flux limit on the thermal e~ctrons produces simulation results which
agree with experiment for I pm laser experiments where the energy is de-
posited almost entirely by hot electrons. In this case, both the ;.ot
electron depositon and the thermal diffusion away from the depositon
region are important. The flow of hot electrons into the tarqet can be
retarded by the electric field produced by the return current which neu-
tralizes the charge produced by the hot electron current. The electric
field prodllced by the return current can be written as:

e =j/u, (11)

where E 1s the electric field, j ts the cgrrent density, and o is the
plasma electrie conductivity. From Spitzer~:

u- Tc3/2p ( !2)

~ = fWVh (13)

where n 1s the hot electron dcnslty and Vh 1s the hot electron average
veloclty. The retarding field, oan then, be written as!

( 14)

If the heat flow from the corona of the plasma is importa~t in determin-
ing Tc, a reduction of this flow w1ll increase the retarding field ac-
cording to Equation 12. Therefore, a flux limit imposed on the thermal
electrons also serves as a fJux limit for the hot eleccrons. This 1s
the case for experiments at I pm where the hot electrorl temperature is
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low compared to that at 10 pm. Then, according to Equations (2), (6),
and (7)$ the reduced scale length will produce a larger diffusion flux.

Next, I will discuss the necessity of imposing a flux limit based on
pheonommological evidence from laser-produced plasma experiments. It
has been shown th~t fast ions emitted by a laser-produced plasma can be
described by a self-similar isothermal expansionl~. In this descrip-
tion, the density, n, is expressed in terms of the initial density, no,
at the rarefaction front as:

n= no exp (-1 -x;c~t), (15)

where cs is the isothermal sound speed, x, i~ the distance from the ini-
tial plasma sur~’ace, and, t, is the time. The velocity can be written
as:

v= Cs + x/t. ( ;6)

The kinetic energy, El, per unit area in the expansion is:

CKi = mi ni v2/2 dx. (17)

Then:

El . mi no c~3 t.

The flux, or power per unit area, Ii, is:

Ii = mi no cs3.

(18)

(19)

Expressing cs in terms of tlie hot electron tanperature as:

CS = (Zklhl) 1/2, (20)

where, Z, is the atomic number of the ion, and, mi, is the ion mass, the
ion flux can be written as:

11 = no mi-1/2 (ZkT)3/2. (21)

Next, assuming that the hot electron dlstrlb~tlon 1s a one-dimensional
Naxwellian, one can calculate the electron flux passing through the tar-
get surface. It can be shown12 that when a two-temperature distribution
exists, an electrlc potential is created at the boundary of the two dls-
trlbutlons. If the density of cold electrons 1s much greater than the
density of hot electrons and the hot electron temperature is much
greater than the oold electron temperature, the magnitude of the



-5-

potential is of’ order 3kT/2. This potential reduces the heat flow into
the target. Therefore it will be assumed that the electrons entering
the target have their energies reduced b:! the potential, V. The elec-
tron flux is, then:

Ie = n&e (mc/2mkT)l/2

(V2 - 2V/~)3/2 exp (-mev2/2kT) dv/2.
Xsm

(2V/llie)1/2

(22;

The integral can be evaluated to given:

Ie = no K (llle/2mkTh)1/2 (2V/me)2

x r(5/2) eXp(-V/k’fh)LJ(5/2,3,V/kTh), (23)

where r(a) is a game functiort, and U(a,b,c) is a confluent hypergeo-
metric function13. The effect of the electric potential can be d5splay-
ed if one evaluates Equation (23) for the zero-field rase. The flux,
10, iS:

10 = no (2kT)3/2 / (~me)’/2. (24)

If one limits the hot electron flux into the target by a factor, f, the
hot electron flux becomes fIo. The ratio of the electron flux to its
ze?o-potentiai value 1s:

Ie/10 = (V/kT)2 f_(5/2) exp(-V/kT) U(5/293,V/kT). (25)

The fast ion loss can be compared to the energy transported into the
target by t.aklng the ratio of Equation (21) to Equation (24) to obtain:

1~/Io = (2 m 7 ~ / mi)l/2. (26)

Equation (26) can be evaluated for a hydrogen plasma, for example, where
Z = 1 and ~/mi = 1/1836 to givo”

Ii/10 = 0.059. (27)

For carbon, where Z = 6 and ~/ml x 4.5 x 10-5, the ratio is 0.042.

At the time at which the laser 1S turned off, the deposited energy can
be written as the swn c; three terms. W energy conducted into the
target by the flux-limited hot electrons, ~, is fAeIot, where Ae is the
area of contact between the electr~ distribution and the target, and,
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t, k the time. The energy in the ion expansion, Ei, is given by Equa-
tion (19) multiplied by ~ts and the internal energy remaining in the
electrons$ Ee$ can ti~diately be written if one ~ecails that the ~mbex’
of electrons In an isothemal expansion is nOZc~tAe and the average
energy per electron is kT/2. Using Equation (2) to eliminate kTh,

Ee = nomi cs3 ~ t/2. (28)

The energy remaining in the electrons is a substantial fraction of the
energy in the motion of the ions. Therefore, an assumption must be made
about its depositon. Since the conduction into the target and the ion
kinetic energy both vary as Th3/2, it appears reasonable to apply the
flux lidt to this energy. Thus, a fraction, i’, will be conducted into
the target, and a fraction, I - f, will be delivered to the ions. The
total energy conducted into the target, then, is:

Ec = fAet (10+ nomi CS3 / 2),

and the kinetic energy In the ion expansion is:

El =nOmics3&t(3-f)/ 2.

(29)

(30)

Setting the sum of Ec and Ei to the laser energy, , and defiltinq the
ratio o? Ei to E&to be the fast ion loss traction, $ ? one finds tnat:

I/q = l+ f[l+(2mi /71 Zme)1/2] /(3- f). (31)

Equation (31) can be solved for ? to give:

f =3(1- ~)/(1 + ~ (2 mi / ~zme)’/21. (32)

The flux limit as a function of the meawred fast ion loss fraction is
shown in Figure l(a) for a hydrogen plasma and in Figure l(b) for a car-
bon plasma.

Measurements of the energy In fast ion emission from plasmas created by
a ! W laser 14 at intensities of 10l~w/cm2 or higher have resulted in a
fast ion loss traction of, ‘,pproxirztely, 50 percent.. This result for a
hydrogen plasma gives a flux limit of 0.08. Recent measurements at
10 ~ by Ehler~5 using an ien the-of-flight detector give a fast ion

10ss fraction of ().8r which implies a flux limit of 0.02. Measurements
on the same experiment by Kepl~~rt~6 using calorimeters gave a loss frac-
tion of, apprO~imatelyY 0.50 This would imply a flux limit of 0,08 as
in the I ~ case. Experiments at 10 Urn by Wlleneuve et al 17 found at
least 50 percent of the absorbed laser energy in fast ions, and, per-
haps, as much as 75 percent. A fast ion loss fraction of 75 percent
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implies a flux limit of 0.02. The use of the parameters for hydrogen is
believed to be justified. Experiments which use polyethylene tarqets
have found that most of the fast ion energy was in fast plotons.
Experiments at 10 ~ have shown that fast protons constitute most of the
fast ion loss, even for targets such as gold which should not contain
hydrogen18.

If the source of the flux limit is an electrlc potential at the target
surface, the potential can be estimated from Equation (23). If Equation
(23) is =Ived f’or v/kT for Ie/l() = 0.08~ one finds that V/kT = 2.09.
This value is larger than that obtained by ~Dezzerides et al 12, but that
calculation was done for a collislonless plasma, and the return current
field whicti results from collislonal processes was not included. It is
posstble, therefore, that a potential as large as 2.09kTh could be
created. For Ie/10 = 0.02, a potential V/kT = 3.34 is required. If
V/kT = 1.5, the flux limit is f = 0.;5, and the loss fraction, ~i, is
0.35, which is too small to explain the observed results. Recerlt plasma
simulation calculations by Forslund and Brackbill~9 Indicate that a
large magnetic field 1s created at the surface of a target which is
heated by hot electrons. It is possible that these fields, which are in
the megagauss range, could produce the required fl :x limit.

The implication of this study 1s that a hot electron flux limit is
required to explain the observed fast ion loss for laser-produced
plasmas filch are heated by hot electrons. A fast-ion loss fraction of
0.5, rather than the .059 given by the isothermal model, requires that
the area over which the ions are emitted be, approximately, ten times
larger than the laser spot. Thus, the hot electrons occupy a large area
and volume. Increasing the anittlng area, however, would also increase
the conduction into t>e target if no flux limit were applied. The
application of a flux limit of 0.02 to 0.08 to give the experimental
result causes the hot electrons to remain in the corona 12 to 50 times
longer than if the flux limit were not present. The increase in the
residence time increases the probability that the electrons will find
new, undesirable conduction paths. If this result is substantiated by
more detailed calculations, the prospect for producing efficient thermo=
nuclear yield from targets driven by lasers having wavelengths of I Pm
or longer are, indeed, dim.

I thank A. W. Ehler for the discussions of fast-io~ measurements, and I
thank hlm and 3. F. Kephart for discussing recent data before publicat-
ion. Also, valuable discussions were held with D. W. Forslund.
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1. Flux limit as a function of fast ion loss.
(a) Hydrogen plasma.
(b) Carbon plasma.


